Ecological studies involving counts of abundance, presence-absence or occupancy rates often produce data having a substantial proportion of zeros. Furthermore, these types of processes are typically multivariate and only adequately described by complex nonlinear relationships involving externally measured covariates. Ignoring these aspects of the data and implementing standard approaches can lead to models that fail to provide adequate scientific understanding of the underlying ecological processes, possibly resulting in a loss of inferential power. One method of dealing with data having excess zeros is to consider the class of univariate zero-inflated generalized linear models. However, this class of models fails to address the multivariate and nonlinear aspects associated with the data usually encountered in practice. Therefore, we propose a semiparametric bivariate zero-inflated Poisson model that takes into account both of these data attributes. The general modeling framework is hierarchical Bayes and is suitable for a broad range of applications. We demonstrate the effectiveness of our model through a motivating example on modeling catch per unit area for multiple species using data from the Missouri River benthic fish study, implemented by the United States Geological Survey.
Introduction
The problem of having a large proportion of zero values is a common characteristic of data obtained from environmental and ecological studies involving counts of abundance, presenceabsence or occupancy rates (Clarke and Green, 1988; Welsh et al., 1996; Martin et al., 2005; Berry et al., 2005) . Ignoring or excluding values to facilitate the analysis of zero inflated data can result in a loss of important information and, thus, diminished explanatory power.
For example, when studying abundance or presence-absence of a species in ecological studies, having a large proportion of zero values might be an indication that the species is rare or endangered, hard to detect, or both. The problem of dealing with rare species and species with a low probability of detection is extremely common in ecological studies and so data having a preponderance of zeros is often encountered. Thus, standard distributions such as Poisson, binomial and negative-binomial often fail to provide an adequate fit. On the other hand, one potentially appropriate class of distributions for describing this type of data is the class of zero-inflated distributions as they properly account for a large proportion of zero values (Cohen, 1963; Lambert, 1992; Johnson et al., 1997) .
Although it is conceivable that data having excess zeros may come from any distribution, typically, in practice, the distributions are discrete. Therefore, several popular models that account for data with excess zeros have emerged, including the zero-inflated Poisson (ZIP), zero-inflated binomial (ZIB) and the zero-inflated negative binomial (ZINB). The ZIP model is especially useful in analyzing count data with a large number of zero observations. However, in practice, the ZIB model is sometimes used for cases where an upper bound exists for the response whereas the ZINB model is sometimes used for cases where the data are overdispersed. Nevertheless, the ZIP model has experienced wide-spread popularity over the last decade and has been applied to numerous problems in horticulture (Hall, 2000) , manufacturing (Lambert, 1992) , and various other fields of study, including health operations (Wang et al., 2002) , meteorology (Wikle and Anderson, 2003) , ecology (Welsh et al., 1996; Martin et al., 2005; Ver Hoef and Jansen, 2007) , and fisheries biology (Minami et al., 2007; Arab et al., 2008; Wildhaber et al., 2011) .
Despite the fact that the utility of multivariate ZIP models is extensive, the relevant literature is somewhat limited. Early research focused on extensions of the univariate Poisson binomial (Skellam, 1952) , which is a compound distribution of the binomial and Poisson.
However, more recently, Li et al. (1999) formulate an m-dimensional ZIP distribution by linking all of the univariate distributions together through one common distribution, as is done in the case of the m-variate Poisson distribution (Johnson et al., 1997) . Moreover, Li et al. (1999) focus on the bivariate case by deriving a bivariate ZIP (BivZIP) distribution as a mixture of two univariate Poisson distributions and a point mass at (0,0) (i.e., a point mass when both count values equal zero). In order to estimate these models, Li et al. (1999) use maximum likelihood. Extending this work, Majumdar et al. (2010) propose a Bayesian BivZIP regression model with estimation based on data augmentation. In contrast, Schmidt and Rodriguez (2011) discuss models for multivariate counts observed at fixed spatial locations based on a continuous mixture of independent Poisson distributions.
We propose a semiparametric ZIP modeling approach for bivariate count processes which extends the existing bivariate zero-inflated modeling approaches to utilization of nonlinear covariates in the model as well as modeling zero-inflation probabilities through a multinomial logit regression. The modeling approach we propose produces a class of bivariate semiparametric zero-inflated Poisson models cast in a hierarchical Bayesian framework. Critically, the semiparametric aspect of the proposed approach allows us to readily consider possible nonlinear effects of covariates (Ruppert et al., 2003 (Ruppert et al., , 2009 ) in a bivariate zero-inflated setting. Finally, although the modeling framework introduced in this paper is extremely natural for environmental and ecological applications, the only example of such a bivariate semiparametric modeling technique in the literature is Arab (2007) .
The models we propose could potentially be considered from either a classical or Bayesian perspective; however, as the level of complexity increases, it is convenient (and often necessary) to make use of the Bayesian paradigm. In this context, accounting for uncertainty in different levels of the model can be effectively facilitated through using a hierarchical modeling framework. For a comprehensive discussion on hierarchical models for environmental and ecological data see Wikle (2003) , Royle and Dorazio (2008) , Cressie and Wikle (2011) and the references therein.
Our approach is extremely useful for developing models of abundance in settings with multiple species, where univariate distributions are less suitable. For example, ichthyology (i.e., fisheries biology) is one area of ecology where modeling counts of abundance of multiple species is prevalent. Frequently, in this context, species are biologically related and thus it is expected that relative abundance, as a function of habitat, year, gear (i.e., type of net) used to catch the fish, etc., will be correlated. Therefore, a potentially advantageous approach for modeling relative abundance is to borrow strength across related species through the use of multivariate distributions.
We demonstrate the effectiveness of our methodology through a motivating example in ichthyology, namely modeling abundance of species in a bivariate setting using fish catch data. Here, using benthic fish data collected by the United States Geological Survey (USGS) on the Missouri River (Berry et al., 2005) , we illustrate the usefulness of our framework by modeling the catch per unit area (CPUA), while determining which factors are related to the zero-inflation probability for a given fish species and which factors are related to catch rates. Critically, these goals are accomplished while accounting for the dependence between different species.
The remainder of this paper is organized as follows. Section 2 describes our motivating example, the Missouri River benthic fish study. Semiparametric BivZIP models are presented in Section 3. Section 4 applies the proposed model to our motivating example, modeling CPUA for benthic fish on the Missouri River. Finally, Section 5 contains discussion. Derivation of all full conditional distributions and details surrounding our Markov chain Monte Carlo (MCMC) algorithm are left to the Appendix.
Missouri River Benthic Fish Study
In 1995, USGS and the Montana Department of Fish, Wildlife, and Parks commenced a study to look at benthic fishes in the warm-water portion of the Missouri River system (Berry and Young, 2001; Berry et al., 2005) . The Missouri River (USA) extends 3,764 kilometers from southwest Montana to the Mississippi River and contains several species of benthic fish (Figure 1 ). Benthic fish are fish that live or feed on the bottom of the river and are of particular interest because of their sensitivity to changes in habitat. The main goal of the study was to evaluate the status, distribution and habitats associated with various benthic fish in the Missouri River for the purpose of providing vital information necessary for improvement in their management.
Included in this study were 26 different benthic fish species; however, in Section 4 we will focus only on two species, common carp (Cyprinus carpio) and channel catfish (Ictalurus punctatus) which are two generalist species with overlapping habitat associations. In this study, fisheries biologists divided the Missouri River into three zones and each zone was divided into segments; the upper zone or "least-altered zone" (LA) included segments 3, 5, and 9, the middle or "inter-reservoir" zone (IR) included segments 7, 8, 10, 12, 14 and 15, and the lower or "channelized zone" (CH) included segments 17, 19, 22, 23, 25 and 27 (see Figure 1 and Wildhaber et al. (2011) for further details). Although there were twenty seven segments included in the study design, due to financial and administrative constraints, only fifteen segments were sampled during each of the three years of the study considered here.
Common to fisheries field studies, the data considered here are based on multiple gears in addition to consisting a large proportion of zeros, thus complicating analysis. Using standard parametric statistical methods on data from each gear separately, Berry et al. (2005) excluded several river segments and macrohabitats from the analysis due to a high percentage of zero observations (i.e., violation of normality and homogeneity of variance assumptions). As a result, the previous analysis may have imposed limitations on the inferential scope, making comprehensive conclusions about the complete study domain inaccessible. In particular, the analyses conducted by Berry et al. (2005) were limited due to several factors. First, the authors aggregated the data to larger spatial and temporal scales in order to alleviate a large percentage of zero observations and thus potentially caused a loss in information. Second, separate analyses were conducted for each gear rendering inference on gear intractable. In addition, because this study considered each species separately, using a univariate analysis, the ability to draw conclusions regarding correlation between various species was necessarily limited.
Our goal is to develop and implement a modeling framework which will allow for meaningful ecological interpretations based on the model results while concurrently raising the predictive precision of the model in the presence of realistic constraints. Ultimately, similar to the zero-inflated modeling approach discussed in Wildhaber et al. (2011) , our approach can identify the type of gear, macrohabitat, segment, year and physiochemical characteristics that explain where certain species are most likely to populate. The approach we propose for this data is a hierarchical Bayesian semiparametric BivZIP model. Specifically, the model we develop incorporates those parameters that help explain the mean fish count as well as those that explain the zero-inflation probability (i.e., excess zero observations), while accommodating nonlinear relationships and borrowing strength across "similar" species.
The data used in our analysis was collected over the three study years 1996 to 1998 (see Berry et al. (2005) for a comprehensive discussion). Channel catfish and common carp were chosen because, in part, they reflect two commercially important species that can be found in many habitats within different rivers, including the Missouri River. Biologically, a study of these two species, in a bivariate setting, is of interest due to overlapping habitat use (Berry et al., 2005) . Based on criteria similar to Berry et al. (2005) , we excluded several outlier observations as well as data for segments 7, 8, 10, 12 , and 14 from the analysis, due to extremely low levels of catch or none at all, for at least one of the two species. Even though this resulted in an analysis that only used 960 of the 1477 total observations available, our analysis is still able to include more segments than the previous analysis of Berry et al. (2005) , since our modeling approach directly accommodates a significantly higher percentage of zero values than models following standard distributions 4 .
Although, the resulting data contains many observations greater than zero it also contains a substantial portion of zero observations. Specifically, after removing the aforementioned segments, the observations for channel catfish and common carp included 51% zeros and 67.7% zeros respectively. In the bivariate setting, the percentage of zeros for both species is 39.7%, approximately 28% of the samples include a non-zero catch for channel catfish and zeros for common carp, approximately 11% of the samples include zeros for channel catfish and a non-zero catch for common carp, and finally 21.25% non-zero observations for both species.
Based on biological considerations, ecologists expect that these two species use similar habitats and, as such, it is sensible that abundance of each species, as a function of gear, segment, macrohabitat and year, should be related. In addition, exploratory data analysis, combined with current species specific knowledge, suggests that some of the explanatory variables are nonlinearly related to the Poisson log-intensity parameters. Consequently, there is sufficient motivation for considering a semiparametric BivZIP modeling approach in this context.
Semiparametric Bivariate Zero-Inflated Models
It is natural to model correlated counts using a bivariate discrete distribution such as a bivariate Poisson distribution. However, the computational difficulties involved in fitting such models have traditionally deterred researchers from using such an approach. Recent advances in hierarchical Bayesian modeling and, specifically, the improvement of computational methods such as MCMC, have provided mechanisms for easy implementation of bivariate discrete distributions such as the bivariate Poisson (e.g., see Tsionas (2001) , Ntzoufras (2009) and Majumdar et al. (2010) ). Although the bivariate Poisson distribution can be formulated from several directions (Kocherlakota and Kocherlakota, 1992; Schmidt and Rodriguez, 2011) , the formulation chosen here is a natural extension to the univariate Poisson distribution that allows for correlation among the response variable for the two populations under consideration (Li et al., 1999) .
Similar to Li et al. (1999) , we let Y 1j and Y 2j denote the j-th observation from the first and second population, respectively. Then, for j = 1, . . . , n,
where (Y 1j , Y 2j ) ∼ BivPois(λ 1j , λ 2j , λ 3j ) and Z 1j , Z 2j and Z 3j are mutually independent
Poisson random variables with intensity parameters λ 1j , λ 2j and λ 3j , respectively (Kocherlakota and Kocherlakota, 1992; Johnson et al., 1997) . Assuming Y 1j and Y 2j are variables from a bivariate Poisson distribution, the covariance between Y 1j and Y 2j is given by
and, thus, the correlation coefficient between Y 1j and Y 2j is
The joint probability mass function is given by
To construct a BivZIP model, we consider a mixture of a point mass at (0, 0), two univariate Poisson random variables, and a bivariate Poisson random variable. Then
( 2) where "w.p." denotes a shorthand for "with probability" and
denotes the probability that observations follow a bivariate Poisson distribution with joint probability mass function defined in (1). Henceforth, we say that
) follows the distribution defined by (2). For a comprehensive discussion on bivariate zero-inflated Poisson models (and extensions to multivariate cases) see Li et al. (1999) and the references therein.
Semiparametric models provide an extremely versatile tool for describing nonlinear relationships and, thus, have become increasingly more prevalent among various scientific disciplines (e.g., Fahrmeir and Echavarría, 2006; Lam et al., 2006; Chiogna and Gaetan, 2007; Dagne, 2010; Musio et al., 2010; Liu et al., 2010) . Nevertheless, semiparametric approaches to modeling bivariate zero-inflated count data, although providing a natural framework for modeling many nonlinear ecological and environmental phenomena, remains undeveloped.
Therefore, even though we are motivated by a specific application (relative abundance for multiple species), the methodology proposed here is of independent interest.
The semiparametric modeling framework we consider uses general spline based nonparametric regression for univariate predictors (Ruppert et al., 2003 (Ruppert et al., , 2009 ). More specifically, we consider multinomial logit models for the mixture probabilities (e.g., see Fahrmeir and Tutz, 2001) and semiparametric regression models for the logarithm of the latent Poisson intensity parameters. In general, the models we propose for the intensity parameters and mixture probabilities can be expressed as
where = 1, 2, 3, r = 1, 2, 3 and ε j are assumed to be i.i.d. N (0, σ 2 ε ) and the intercepts can be considered random effects that help account for uncertainties arising from sampling errors and covariates potentially missing from the analysis. Additionally, each function
is an unknown smooth function that is assumed to be approximated sufficiently well using a penalized spline. In particular, the smooth functions f i (·) in (3) are based on thin-plate splines and can be generically written in the form
where
Here, we focus on thin plate splines because of their good numerical properties and note that other orthogonal basis functions could also be used in this context.
For ease of exposition, we temporarily suppress the dependence on and consider a special case of (3). In particular, let
and
. . ,λ n ) , then the penalized spline regression is obtained by minimizing
where β = (β 0 , β 1 , β 2 ) , b = (b 1 , . . . , b k ) and δ corresponds to a fixed smoothing parameter (i.e., penalty parameter). Additionally, let β be fixed and b random, with E(b) = 0,
As long as (b , ε ) is normally distributed, where ε = (ε 1 , ε 2 , . . . , ε n ) , with b and ε independent, one can obtain an equivalent mixed model representation of the penalized spline (Brumback et al., 1999) ; see Crainiceanu et al. (2005) , Gimenez et al. (2006) , Holan et al. (2008) and the references therein for complete details.
Specifically, the P-spline representation of the generalized linear mixed model (GLMM) is given byλ
Again, following Crainiceanu et al. (2005) 
u the equivalent P-spline model, for the log-intensity parameters, in the form of a GLMM can be expressed asλ
Although it is possible to write out (3) explicitly in terms of its equivalent mixed model formulation, we do not pursue this general exposition for the sake of brevity. Additionally, inclusion of spatial effects is straightforward and simply amounts to including a bivariate radial basis smoother (or basis corresponding to a proper spatial covariance) in (3) (i.e., a geoadditive model ); see Kammann and Wand (2003) and Holan et al. (2008) for complete details. Discussion of specific models in the context of our motivating example is deferred until Section 4.
One method of estimating this model is known as penalized quasilikelihood (PQL) and constitutes an approximation to the full likelihood (Breslow and Clayton, 1993; Ruppert et al., 2003) . Another method for fitting generalized linear mixed models is to adopt a Bayesian approach and use Markov chain Monte Carlo (Robert and Casella, 2004) , which is the direction we pursue; see Zhao et al. (2006) for a comprehensive discussion.
Using (2) we propose hierarchical Bayesian semiparametric BivZIP models. Let [y|x] and [x] denote the conditional distribution of y given x and the unconditional distribution of x, respectively. Following Wikle (2003) , and assuming conditional independence, the joint posterior distribution of the catch intensity, zero inflation probability and parameters, conditional on the data can be obtained using Bayes theorem.
To completely specify a Bayesian semiparametric BivZIP model, we need to provide prior distributions for all parameters. Specifically, for = 1, 2, 3 and u i = (u i1 , . . . , u iK i ) ,
we choose the prior densities as As previously noted, in order to fit our model, we take a Bayesian MCMC approach.
Nevertheless, many of the full conditional distributions needed to carry out the estimation will not be of standard form and so more sophisticated MCMC methods will be required such as Metropolis within Gibbs (see Robert and Casella, 2004 , for a comprehensive overview).
Full details surrounding the full conditionals and MCMC algorithm are provided in the Appendix.
4 Application to Modeling Catch Per Unit Area
Model of abundance
In order to model CPUA for multiple species in the Missouri River benthic fish study we use the semiparametric BivZIP models proposed in Section 3. As alluded to, these models attempt to simultaneously account for both sources of zeros present in our data, namely "sampling" and "structural" zeros, by using indicator variables corresponding to gears, macrohabitats and segments as covariates for describing the zero-inflation probability. The covariates include: four different gears, including benthic trawl (BT), drifting trammel net (DTN), beach seine (BS), and electrofishing (EF), where EF is considered as a baseline (i.e., set to zero); four macrohabitats, including tributary mouth (TRM), secondary channel-connected (SCC), secondary channel not-connected (SCN), and Bend with TRM taken as the baseline, and three years (1996-1998) with 1998 set as baseline. Of the existing 15 segments in this study, due to extreme sparsity (≥ 95% zeros), only ten segments (3, 5, 9, 15, 17, 19, 22, 23, 25, 27) were included in the analysis with segment 27 set as the baseline. Another variable used in the model describes the substrate composition (proportion of sand, gravel, and silt), where proportion silt is omitted from the model (since the proportions of silt, sand, and gravel are constrained to sum to one). Note that, aside from interpretation, the choice of baseline is arbitrary and has no effect on the analysis.
Additionally, similar to Wildhaber et al. (2011) , combined with extensive explanatory analysis, several continuous variables are considered in the model, including, depth, water temperature, conductivity, turbidity (log turbidity) and velocity. Ultimately, water temperature, depth, conductivity and log turbidity are candidates to be modeled nonlinearly, whereas velocity is excluded from the model due to high correlation with depth.
The fish counts for channel catfish (Species 1) and common carp (Species 2) are assumed to follow a BivZIP distribution, as described in Section 3. More specifically, we formulate a semiparametric hierarchical Bayesian model starting with the assumption that (Y 1j , Y 2j ) ∼ BivZIP(a j λ 1j , a j λ 2j , a j λ 3j , p 1j , p 2j , p 3j ), where a j accounts for the different areas covered by gears (or "level of effort") involved in measurement j (j = 1, . . . , n). The "normalization"
by level of effort is important and allows us to model catch per unit area data obtained by multiple gears. Without this normalization, the models would only apply to the case of single gears. Now, for = 1, 2, 3, corresponding to Species 1, Species 2, and the common process, and for r = 1, 2, 3 let
log(p rj /p 0j ) = γ r0 + γ r1 gear j + γ r2 segment j + γ r3 macrohab j + γ r4 year j + γ r5 substrate j .
Note that, taken together, (10) and (11) are considered the "full" model; however, in general, each of the log-intensity models may have different covariates and semiparametric specifications. As described below, several variants of this model are considered in our analysis and are detailed in Table 1 .
Although in (10) and (11) it is relatively straightforward to include interaction terms for different subsets of the covariates (see Ruppert et al., 2003) ; in practice, this requires careful monitoring. Specifically, in the zero-inflated case, sparsity is more likely to occur within a given level of an interaction term, which may cause problems with estimation due to lack of information. Based on sparsity considerations and the fact that, in our case, models without interaction terms exhibited lower deviance information criteria (DIC) values (Spiegelhalter et al., 2002) , the models presented here only consider main effects.
The smooth functions f i (·) in (10) are based on thin-plate splines, as defined by (5), with 20 knot points equally spaced in the covariate domain. Note that several of the covariates are categorical, which complicates interpretation of the intercepts. The coefficients of the model corresponding to a specific level of a categorical variable can be roughly interpreted as the log "mean" fish CPUA in that specific level, relative to the baseline level (the level set to zero), while holding all other variables fixed.
For = 1, 2, 3, we define relatively noninformative prior densities for the unknown parameters β i and γ ri as N (0, 100), and for u i parameters we define the prior density as
). Additionally, the prior for σ The model we propose for this application is well suited, since the species are naturally linked together for each observation. Specifically, each observation defines a specific gear deployment over which the count for both species is recorded. In particular, these species are biologically related and thus it is expected that the CPUA for each observation, as a function of macrohabitat, year, gear (i.e., type of net) used to catch the fish and segment will be correlated. Also, note that we do not consider the problem of estimating true abundance and probability of detection in our analysis, instead, we limit our work to modeling relative abundance due to lack of information on gear efficiencies (i.e., detection probability) and repeated sampling. However, there are approaches available based on repeated sampling (e.g., capture-recapture) to estimate true abundance and detection probabilities (see Royle and Dorazio (2008) for a complete discussion) and can be implemented in a similar manner to our proposed modeling framework.
The MCMC computations were implemented using Gibbs and Metropolis-Hastings within Gibbs sampling algorithms (see the Appendix). A total of 120,000 MCMC realizations were obtained with 20,000 iterations discarded for burn-in. Subsequently, every fifth sample was kept for inference, resulting in 20,000 iterations total. Convergence of the MCMC chains was verified through visual inspection of trace plots of the sample chains.
Model Selection
Aside from models having interaction terms, we compared the performance of seven different models using DIC. Specifically, the models considered differed only in the form of their continuous covariates for log(turbidity), depth, water temperature, and conductivity (e.g., whether these covariates entered into the model linearly or nonlinearly). These models were selected mainly based on subject matter considerations as well as exploratory data analysis. Table 1 provides a comprehensive overview of the models being compared.
Selection and inference based on these models helps foster a better understanding of specific linear or nonlinear effects that the covariates have on the common and individual
Poisson log-intensities. Model 1 (M1) contains nonlinear specifications for all of the continuous covariates in all three log-intensity models (i.e., M1 is the "full" model). Conversely, Model 2 (M2) has nonlinear specifications for log(turbidity) and depth in the individual log-intensity models and has all linear covariates for the common log-intensity model. That is, this model assumes that the common effects of these two covariates are linear and the nonlinear effects only arise for the individual processes. Model 3 (M3) is similar to M2; however, the linear terms for water temperature and conductivity which were not statistically significant in M2, were excluded. Model 4 (M4) is similar to M3; however, all the variables that were not statistically significant in M3 were excluded. The variables that were excluded for individual log-intensity models are year and substrates (sand and gravel), whereas for the common log-intensity process the variables are substrates, log(turbidity), depth, water temperature and conductivity. Model 5 (M5) is nonlinear in all of the continuous covariates for the individual log-intensity models and linear in all of the covariates for the common log-intensity model. Model 6 (M6) is nonlinear for all continuous variables for the common log-intensity model and has linear covariates for the individual log-intensity models. Finally, Model 7 (M7) has linear covariates for all continuous variables in all of the log-intensity models. Our selection criteria favor the most parsimonious model with the smallest DIC value.
Results
Based on the DIC values (see Table 1 ), M3 is considered to be the "best" model among all the models considered; thus, we only discuss the results of M3 here. Recall, M3 does not include water temperature or conductivity and the only nonlinear effects,log(turbidity) and depth, arise only in the individual log-intensity models.
Posterior means and 95% credible intervals (CI) for the log-intensity models are given in Table 2 . A covariate is considered to have a "significant" effect if its credible interval does not include 0. Note that for indicator variables corresponding to the levels of categorical variables, results are based on comparison of the variable relative to the baseline. Our model results for the log-intensity models (Table 2 ) corroborate the univariate results of the previous analyses conducted by Berry et al. (2005) and Wildhaber et al. (2011) . However, our model also provides results for the common process; e.g., information about common habitat usage for both species. In contrast, the previous analyses of Berry et al. (2005) , Arab et al. (2008) and Wildhaber et al. (2011) are incapable of delivering this information in a concise manner.
Based on the results for the common process, the mean CPUA for both species is higher in BEND macrohabitats compared to TRM (tributary mouth). Also, mean CPUA for both species increased in year 1998 compared to year 1996. Electrofishing is best when considering both species (although not the best gear for sampling channel catfish only). Importantly, this information provides fisheries biologists with better understanding about the common habitat usage and distribution of the two species in the Missouri River.
Of particular interest in this analysis is the potential nonlinear effect of log(turbidity) and depth on CPUA for these two species. As previously noted, channel catfish and common carp are both generalist species and thus tend to exhibit similar habitat selection. Our results corroborate the findings of Wildhaber et al. (2011) but provide more detailed information about the effects of depth and turbidity on the relative abundance of these two species (Figure 2 ). Specifically, a nonlinear relationship between log(turbidity) and the BivZIP logintensity parameters is present for both species (Figure 2 (a) and (b)). In particular, these figures demonstrate that the mean CPUA of channel catfish increases with higher turbidity whereas the mean CPUA of common carp was highest around mid-range levels of turbidity but decreased for higher turbidity values. Similarly, depth is nonlinearly related to the BivZIP log-intensity parameters for channel catfish with peaks around lower depth levels (1 to 3 meters; Figure 2 (c)). However, given the relatively higher uncertainty in the nonlinear plot of depth for common carp (Figure 2 (d) ), there does not seem to be strong evidence to support a potential nonlinear effect of depth on the log-intensity parameter for common carp.
Finally, several factors significantly impact the zero-inflation probabilities for both species. For the sake of brevity, discussion is limited to the most salient results, with a comprehensive list provided in Table 3 . The multinomial logit model on probabilities corresponds to the log ratio of p 1 , p 2 , and p 3 relative to the baseline probability p 0 , which is the probability of observing zero values for both species. For the model corresponding to p 1 , the probability that channel catfish data is non-zero and common carp is zero, the only statistically significant (positive) effect, relative to the baseline (segment 27), is segment 15, which is also significantly higher than segments 19 and 25, relative to the baseline. For the model corresponding to p 2 , the probability that channel catfish observation is zero and common carp is non-zero, the only significant effect, relative to the baseline (TRM), is BEND, which is significantly less than zero. Finally, for the model corresponding to p 3 , the probability that observations for both species are non-zero, relative to the baseline, segment 9 is significantly greater than zero and significantly higher than segments 17 and 19, whereas drifting trammel net is significantly lower than the baseline (electrofishing) and all other gears (relative to the baseline).
It is important to stress that these findings are based on a bivariate model and provide information that was unobtainable in previous analyses of these data. The environmental variables were not included in the final multinomial logit models presented for the probabilities, due to the fact that a "full" model including these variables (not shown) exhibited no significant effects (for these variables). These findings provide useful information surrounding the presence and absence of both species based on environmental attributes of the river as well as sampling procedures (i.e., gears). Ultimately this information is crucial to fisheries biologists interested in optimizing management efforts and designing future monitoring programs.
Conclusion
Ecological and environmental processes often produce count data having a high proportion of zeros. Typically these processes are related to externally measured explanatory variables through complex nonlinear relationships. Furthermore, when developing models of species abundance it is often advantageous to allow correlation among the response variable for multiple populations under consideration. We propose an extremely flexible hierarchical Bayesian semiparametric BivZIP model and note that this model can be utilized across a diverse range of applications including those outside the natural sciences. Moreover, our approach represents the first attempt at semiparametric modeling of bivariate zero-inflated counts. The effectiveness of our approach is demonstrated through a motivating application to modeling fish catch per unit area based on observations from two closely relates species of benthic fish in the Missouri River.
The example presented here illustrates the utility of our model for drawing inference on complex ecological data. In particular, our model accommodates inherent nonlinear relationships, while allowing for the high proportion of zeros in the data. In several instances
we are able to provide inference where traditional modeling approaches were unsuccessful.
For instance, despite the fact that each species exhibited a large percentage of zero catches, we were able to find a significant effect due to gears. Furthermore, our approach was able to show, with statistical significance, higher catch for high log(turbidity) values and higher catch for low to mid-range depth values for channel catfish and low to mid-range log(turbidity) values for common carp.
Our model borrows strength across correlated species, which is fundamentally important for successful modeling of abundance of multiple species. One potential practical limitation of any bivariate (or multivariate) approach, including ours, is that by pairing data for two or more species the number of cases that may have to be excluded from the model due to extreme sparsity or missing data increases. Nonetheless, in our analysis, we are still able to exclude fewer observations than would be necessary using standard statistical methods. In addition, using our approach, missing data can be readily dealt with using data imputation techniques, which are particularly easy to implement in the Bayesian framework. Finally, our method can be adapted to further avoid excluding data arising from sparsity due to low catch rates. In this case, science based prior distributions or data from previous and/or similar studies may be readily incorporated into the model hierarchy.
Appendix: Conditional Distributions for MCMC
In this section, we describe the MCMC algorithm for Model 3 (M3) and note that the migration to other models is analogous. Recall, M3 is given by log(λ j ) = β ,1 gear j + β ,2 segment j + β ,3 macrohab j + β ,4 year j + β ,5 substrate j
2) for = 1, 2, 3, r = 1, 2, 3, and j = 1, . . . , n. Using Bayes' theorem, and assuming conditional independence, the posterior distribution of the processes and parameters given the observations can be expressed as
where B denotes the vector of coefficients associated with the linear effects in each logintensity model.
This complicated posterior distribution can be numerically evaluated using MCMC methods and, in particular, Gibbs sampling based on full-conditional distributions of the unknown processes and parameters. Also, Metropolis-Hastings (M-H) steps within the Gibbs algorithm are required for simulation ofλ = log(λ ) ( = 1, 2, 3) and γ r (r = 1, 2, 3).
The full-conditional distributions and sampling steps are:
• Generate the latent process (Z 3 ). For j = 1, . . . , n, draw each element of Z 3 (i.e., Z 3j ) from a DUnif{0, min(Y 1j , Y 2j )} , then set
• [λ |·] ( = 1, 2)
M-H step:
1. Generate a candidateλ * ∼ N (λ (i−1) , θ I) at the ith MCMC iteration (where θ is a tuning parameter chosen such that the acceptance rate for the M-H algorithm is between 20% and 40%), and compute the ratio
, where Φ = (B , u ,lturb , u ,depth ) .
Setλ
(i) j =λ * j (j = 1, . . . , n) with probability min(R j ,1); else setλ
, θ 3 I) at the ith MCMC iteration (where θ 3 is the tuning parameter chosen such that the acceptance rate for the M-H algorithm is between 20% and 40%), and compute the ratio
(i) 3j =λ * 3j with probability min(R j ,1); else setλ
.
• [γ r |·] (r = 1, 2, 3.)
, θ r I) at the ith MCMC iteration, and compute the ratio
. . , n) with probability min(R j ,1); else set γ
Next, the zero-inflation probabilities are derived based on γ r s at each iteration. Specifically, p 0 = 1/D and p r = exp(X γ γ r )/D, and D = 1 + 3 r=1 exp(X γ γ r ). where p 0 and p r (r = 1, 2, 3) denote the vectors of probabilities and X γ denotes the design matrix for the multinomial logit regression models.
• Update the regression coefficients and spline coefficients jointly:
with,
notes the number of linear effects and κ ≡ 20 is the number of knot locations.
•
B 3,0 .
where,
, where = 1, 2, 3 (note that for = 3, Φ 3 = B 3 and C 3 = X 3 ), and the prior distribution for [σ 
